We present hole time-of-flight ͑TOF͒ data on samples of the discotic liquid crystal hexapentyloxytriphenylene containing ionic impurities. By photogenerating holes at various times after reversing the potential across the cell, we have studied the effect of the ions on the measured TOF for various ionic spatial configurations. Comparing the results with simulations of coupled ionic/hole transport, we address the question of whether reliable charge transport data can be extracted for impure samples. Alternatively, we show how TOF experiments provide a useful probe of the spatiotemporal evolution of ionic charge densities under an applied potential.
I. INTRODUCTION
Liquid crystalline organic semiconductors are recognized as promising materials for low-cost, easily manufactured electronics. Some of these materials, and in particular discotic liquid crystals, possess charge carrier mobilities within an order of magnitude of technologically important semiconductors, e.g., amorphous silicon.
1,2 Furthermore, synthetic techniques allow a vast range of modifications to be made at the molecular level, allowing tunability of the electronic behavior ͑i.e., modifications of the electron density in conjugated structures͒ not accessible in typical inorganic materials. On the other hand, among the drawbacks of liquid crystalline semiconductors is the fact that their comparatively low viscosity as compared to solids allows for transport not only of holes or electrons but also of ions.
3 This presents a number of problems. First, from an experimental viewpoint, ion currents can interfere with the sensitive charge carrier ͑e.g., time-of-flight͒ measurements needed to characterize the material. This can be circumvented by using blocking electrodes. Preventing contact between the electrodes and the sample also prevents electrochemical reactions involving the sample. However, the presence of ionic space charge screens the internal electric field in the sample, changing the environment in which carriers move. Furthermore, the ions themselves move in the field, introducing nonlinearities in the problem and making the determination of the intrinsic ͑ion-free͒ electronic properties difficult. In this article we study this effect experimentally in a model liquid crystal, and theoretically using a simple but fairly complete model of ionic motion in the mesophase. We note that, while we specialize here to a particular discotic system, the results generalize to any system, liquid, liquid crystalline, or glassy, that contains mobile ions.
II. EXPERIMENTAL DETAILS
As we shall see, the "best" sample cell to use would be one in which the blocking layer͑s͒ are very thin compared to the sample thickness. After some unsuccessful attempts to fabricate such a cell using spun-on polymeric insulating layers, 4 we decided to use a standard glass cover slip as the blocking insulator, making the cell extremely simple and inexpensive to construct. While more complicated to analyze than the best cell, the more general situation of a thick insulator also arises in other contexts such as measurements of free-standing liquid crystal films. The final cell used is shown in Fig. 1 . The top indium tin oxide ͑ITO͒ electrode 5 is isolated from the sample, of thickness L 2 , by a glass plate of thickness L 1 . The bottom ITO electrode contacts the sample. The sample thickness was set by 20 m ͑nominal͒ silica spacers in the liquid crystal. The ͑blocking͒ upper electrode eliminates direct current ionic currents and reduces electrochemical degradation of the liquid crystal. The dielectric constant of the sample and spacer glass was measured using a commercial low-frequency LCR meter.
The sample, 7,8 hexapentyloxytriphenylene ͑HAT5͒, was synthesized and purified using a combination of literature and new techniques, details of which are presented in the supplementary material. This purification left residual ionic impurities of an undetermined nature, the behavior of which is the subject of this study. The data presented here were taken at 80°C, which is in the columnar discotic mesophase of HAT5. The hole time-of-flight was measured using a 10 ns, stimulated Raman-shifted laser pulse ͑319 nm͒ to photogenerate charges. The pulse entered through the top electrode and spacer and was absorbed within a sample depth L 2 . The laser was fired a variable time interval t after an 11 Hz square wave potential changed from negative to positive on the top electrode ͑see the bottom of Fig. 1͒ . Since the measured mobility of holes 8 in HAT5 is of order 10 −3 cm 2 /V s, while that of ions is typically 10 −6 cm 2 / V s, the hole timeof-flight is much shorter than the ionic time-of-flight ͑TOF͒.
III. THEORY
We may gain some qualitative understanding of the model by imagining two oppositely charged ionic sheets at t = 0, the instant the potential reverses direction so that the upper ͑blocking͒ electrode becomes positive ͑Fig. 2͒. For simplicity, assume that the blocking dielectric has infinitesimal thickness and that the two sheets have equal total charge. The positive ion sheet will be adjacent to the upper electrode since, for t Ͻ 0, this electrode was negative. As the sheets move for t Ͼ 0, the space charge field will cause each sheet to expand spatially. At t = 0, Gauss' law and the boundary conditions imply that the field in the sample is identical with V 0 , the field in the absence of ionic impurities. As the sheets begin to move, however, the sample is divided into three regions: ͑1͒ the space between the upper electrode and the positive sheet, ͑2͒ the intersheet region, and ͑3͒ the area between the negative sheet and the lower ͑grounded͒ electrode. Again using Gauss' law, we see that the fields in ͑1͒ and ͑3͒ are equal and smaller than V 0 , while the field in region ͑2͒ is larger than V 0 . At some time determined by the relative mobilities of the positive and negative ions, the ͑perhaps now diffuse͒ sheets will cross ͑for equal mobilities, the crossing point is at cell center͒. If the sheets have the same geometry, they will momentarily cancel, and the field throughout the cell will be V 0 . After crossing, the field in ͑1͒ and ͑2͒ will be equal and larger than V 0 while that in ͑2͒ will be smaller. Finally, when the sheets reach the electrodes, the cell will once again support a field of V 0 . Therefore, if fast-moving charge carriers are generated at different times during the ionic motion, they move at varying velocities as a function of position in the cell and so both the TOF and the details of the measured charge carrier current are functions of the ion concentration and mobilities. We reiterate that this is a simplified picture, ignoring the nonzero spacer thickness, thermal diffusion, and the substantial self-repulsion of the ionic clouds. We will now describe a quantitative model of the actual experimental situation.
We consider a quantitative one-dimensional theory describing ionic motion and carrier transport in an ionically impure sample. We assume that there are equal numbers of cations and anions in the sample, as befits ions deriving from dissociation of a chemical impurity. Call the coordinate from the top to the bottom plates x with x = 0 at the point where the sample contacts the top plate. We ignore edge effects and will refer to the density of cations as + ͑x͒ and the total ion density t ͑x͒ = + ͑x͒ + − ͑x͒. Furthermore, we will assume that, at t = 0 when the field switches polarity, the anions are localized in thin layers at the bottom electrode and the cations at the top: t ͑x͒ ϰ ␦͑x͒ − ␦͑x − L 2 ͒. As discussed later, this will occur if the ion density is less than a critical value. Finally, we emphasize that holes or electrons will be referred to here as "charge carriers," to distinguish them from the ions.
The equations of motion for the ions in the sample, and that for the charge carriers, take on an easily interpreted form when all quantities are normalized to their values for the situation of vanishing ion density. Thus all times referring to ionic motion are normalized to the + ͑x͒ = − ͑x͒ = 0 ionic time-of-flight t 0 , charge densities are normalized to 0 , the charge on the top electrode in the absence of ions, carrier TOF will be normalized to the ion-free value, etc.. Application of Gauss' law to the glass and liquid crystal filled regions of the cell, along with the boundary conditions ͑poten-tial V across the cell͒ gives the charge on the top plate
is the dielectric constant of the glass spacer, ⑀ 2 is the dielectric constant of the sample
is a dimensionless constant, and a tilde indicates a normalized quantity. Note that, for uniformly distributed charge, + is the normalized total cationic charge in a sample column of unit area. One therefore qualitatively expects ionic space charge to play an important role ͑to substantively effect the field͒ for ϳ 1. The electric field as a function of position is
Using this field, we may simply compute the change in positions of a positive or negative test charge in a time ␦t, ␦x + = Ẽ ␦t,
where R is the ratio of anionic and cationic mobilities, R = − / + . The earlier expressions ignores charge transport via thermal diffusion. This will be shown to be a small contribution, but will nonetheless be included in the simulations, as discussed later. This system of equations corresponds to a single nonlinear differential equation for +, − ͑x , t͒. Rather than directly solve this equation, we have used Eqs. ͑1͒-͑5͒ to simulate the motion of ions in the sample for various initial conditions and ionic charge densities. The total charge present of each sign was discretized into 2000 units of equal charge. The charge in each unit was then propagated according to Eq. ͑4͒ and ͑5͒. A time step ␦t=1ϫ 10 −4 was used. Larger numbers of charge bins or smaller time steps did not effect the results. Periodically during the ionic simulation, the charge carrier TOF was computed. A charge carrier with mobility takes a time d = dx / E͑x͒ to move a distance dx. Therefore, the time-of-flight for holes or electrons at a time t, normalized to that in an ion-free sample, is
In using Eq. ͑6͒, we assume that is much shorter than the ionic time-of-flight, e.g., that the ions are frozen during the charge carrier transient and thus the carriers provide a "snapshot" of the temporal evolution of the electric field. We also assume that there are no carrier space-charge effects, i.e., that the total hole or electron charge per unit area is much less than 0 .
The experiments described here measure the current flowing to the bottom capacitor plate as a function of time after charge is photogenerated. Interestingly, in principle, the simple theory predicts not only the carrier TOF but also details of the measured current flowing into the cell during the carrier transport, i.e., details of the experimental TOF trace. Consider the situation where a thin sheet of charge carriers 6 c ͑x , t͒ = 0 ␦͑x − v c t͒ travels across the sample, beginning a time t 0 after the voltage reversal. During the carrier TOF, we assume that the ionic charges are fixed, i.e., that the carriers travel much faster than the ions. Call the electric field corresponding to the frozen ionic space charge configuration E͑t 0 ; x , t͒. Note that, whereas t covers the interval from zero to the carrier time-of-flight, t 0 ranges over a much longer time characteristic of the ionic motion. The carrier velocity v c = c E͑t 0 ; x , t͒, where c is the carrier mobility. We wish to compute the experimentally measured current solely due to the motion of the fast-moving charge carriers. By direct analogy with Eq. ͑1͒, this current is given by ͑for unit area electrodes͒
shows that the details of the experimental TOF data can provide information about the internal electric field in the sample as a function of time, i.e., details of the ionic distribution as a function of t 0 .
The theory described so far ignores the motion of ions due to thermal diffusion. Diffusion is included in the simulation by adding a zero-mean Gaussian deviate ␦x, of width t , to the updated position of the ionic charge density at each time step. Here t =2D␦t, where the diffusion coefficient D satisfies Einstein's relation D = ion k B T / e. We normalize ␦x by L 2 and ␦t by
with E 20 the = 0 field in the sample ͑V is the applied potential͒. We find that the normalized randomly distributed ␦x are drawn from a Gaussian of width
The basic effect of the diffusion is to smooth out sharp concentration ͑and thus field͒ gradients during the simulation. At the experimental temperature, we note that diffusion is a minor effect. Indeed, we may estimate the distance ions will diffuse in the same time it would take a cation to cross the ion-free cell under the influence of the electric field. The mean diffusion length ͗x 2 ͘ =2Dt. Normalizing ͗x 2 ͘ by L 2 2 , we have
in a time interval t= 1. With values appropriate to our experiment, this gives ͱ͗x 2 ͘Ϸ0.025. Thus thermal diffusion is negligible here unless the space charge causes the ionic drift to last much longer than t 0 , which only occurs for large values of +, − .
IV. RESULTS AND DISCUSSION
In Fig. 3 we show the experimental results on HAT5. The x axis is the time, t, between the cell potential switching between "-" and "ϩ" polarity on the top plate and the photogeneration of holes, while the y axis shows the hole timeof-flight, . Note the overall shape: concave downwards with increasing t, possibly saturating as t → ϱ. Similar features are seen in the theoretical calculations in Fig. 4 , which shows normalized carrier TOF as a function of normalized delay time for various total ionic charge densities and two choices of the ionic mobility asymmetry parameter R. We do not a priori know the proper normalization factors for t and , making a direct graphical comparison difficult between the measured results and the calculations. We have, however, fit the data with the simulation, varying R, t 0 , + , and 0 ͑the carrier TOF for + = 0 which normalizes ͒. The result, shown in Fig. 3 , gives + = 0.39± 0.014. Recall that this is normalized by the ion-free surface charge 0 . For the experimental cell geometry L 1 = 160 m and L 2 = 21.2 m, applied potential V = 136 V, and measured dielectric constants ⑀ 1 = 9.3 and ⑀ 2 = 2.8, we have
Therefore, = 0 / L 2 Ϸ 0.89 C / m 3 as the ͑anionic or cationic͒ density. If the ions have charge ±1, this corresponds to a volume density of about 5 ϫ 10 12 /cm 3 ͑or a concentration of roughly seven parts per 10 9 ͒. The shape of the experimental curve offers a clue as to the relative magnitudes of the anionic and cationic mobilities, i.e., of R. In Fig. 5 we plot the hole TOF as a function of t and various R for a single normalized charge density + . For small R, is quasilinear for small t and then suddenly increases in slope, a behavior not evident in the data. For large R, though, the sharp change in slope is suppressed and the overall form of the results are closer to the experiment. Therefore, qualitatively we may conclude that R Ͼ 1. The best fit value is R = 9.5± 1, i.e., anions move ten times faster than cations. Finally, the fit provides estimates of the impurity-free ion TOF, t 0 = 20.4± 1.3 ms and the intrinsic carrier TOF, = 71± 0.1 s. Using Eq. ͑8͒ ͑with as the carrier mobility͒, we estimate a carrier mobility = 0.0015 cm 2 / V s, in reasonable agreement with the literature.
8 Similarly, we may estimate the intrinsic ionic mobility: + Ϸ 5.3ϫ 10 −6 cm 2 / V s and − = R + =5 ϫ 10 −5 cm 2 / V s. The calculations do not appear to be in perfect agreement with the data, having in general "sharper" features than the experimental results ͑especially with regards the rate the data saturate at long t͒. A major factor neglected in the theory is charge carrier trapping, either on ionic or neutral impurities. Trapping has two effects: it changes the overall shape of the carrier charge transient and, through multiple trapping, it can increase the time-of-flight. We expect the latter effect to be relatively small in our sample since the measured is fairly close to literature values. The former effect, however, smoothes out the carrier transient and makes exact determination of the time-of-flight somewhat ambiguous. Whether this can account for the difference between theory and experiment is unclear.
The earlier analysis gives insights into the properties of the ionic impurities. Another important question is whether one can extract intrinsic charge carrier mobilities from samples containing ions. For the case of very thin blocking layers, i.e., ␤ = 1, one simply has to wait a time much longer than the ion drift time to recover the intrinsic carrier mobility ͓see, e.g., Eq. ͑8͔͒. For larger L 1 , however, this appears difficult: for modest values of + , the measured is a strong function of t. Certainly the value measured for effectively infinite t ͑a common experimental situation in which a field is manually switched on and held for many seconds͒ is unreliable. However, we do note an interesting feature of the calculations in Fig. 4 : the curves for a wide range of ionic densities all cross near = 1, the intrinsic value. Thus it appears that by measuring a sample with two or more ionic concentrations, one may extract a carrier mobility value close to that of a ion-free sample. The reason for this is simple: the sheets of oppositely charged ions present at t = 0 eventually cross in the sample at a point determined by R. At this moment, there is no net ionic charge in the sample and charge carrier conduction will be unaffected by the ions. In principle, this simple picture may be modified by the space-charge induced spreading of the ionic charge sheets: if R 1 one sheet may have spread out in space substantially more than the other before they cross, making the cancellation imperfect. The simulations shows that this effect is minor for the values of + considered here.
Ionic space charge effects are nonlinear since the field the ions move in depends on their configuration. This leads to some interesting features in the carrier TOF for large + ͑x , t͒, as can be seen at the largest ion density curves in Fig. 4 . At the extreme limit, sufficient ions will be present to drive the electric field in the sample to zero in some region, leading to "stagnation" of both ionic and charge carrier movement ͑i.e., → ϱ͒. For the simple case of two ionic charge sheets of density s , one located at x = 0 and the other of opposite sign at x = 1, Eq. ͑3͒ implies that E = 0 when the charge density of the sheets s =1/͑1−␤͒. For our cell, ␤ = 0.304 and s = 1.44. This effect represents an upper bound for mobility measurements with spacer electrodes in an ionically impure sample. Of course, as the spacer thickness goes to zero, s diverges.
As noted earlier, Eq. ͑7͒ provides a probe of the spatially dependent electric field. In the present case the ion density is rather low and the distortion of the TOF traces is commensurately small. The inset to Fig. 5 shows Ẽ as a function of x for the best-fit parameters and delay time t corresponding to that of the experimental TOF trace shown in the inset to Fig.  3 . ͑The simulation results are for t= 0.85 so that t = tt 0 = 0.85ϫ 20.4 msϷ 17 ms.͒ The effects of space charge are evident-instead of the sharp step function-like features seen in Fig. 2 , the simulation results are smoothed and broadened by the repulsion-driven growth of the ion charge clouds. The simulation shows that the electric field in the sample Ẽ ͑x͒ varies by about 35% as a function of x. Unfortunately, it is evident from the experimental trace that there is substantial shallow trapping as evidenced by the fairly long decay after the plateau in current. There is also significant noise in the current signal. It is likely that both of these effects would smear out the sharp features evident in the simulation and make the observation of structure even more difficult. An investigation of the utility of Eq. ͑7͒ must await samples with higher ion densities. Such an investigation is probably worthwhile: by measuring the electric field as a function of position, we gain information concerning the ionic mobility as a function of x, and therefore of the position-dependent viscosity, a quantity of some interest in certain layered or otherwise microstructured liquid crystals.
To summarize, itinerant ionic space charge can drastically effect time-of-flight measurements when using a blocking electrode. We have developed a theory and obtained data in a discotic liquid crystal that are in quantitative agreement. We note that one may utilize simple models of ionic and charge carrier motion in two ways. On the one hand, we can use the TOF data to study ionic mobility ͑potentially as a function of position͒. Alternatively, in certain geometries, by measuring carrier time-of-flight for various ionic concentrations, one can extract the intrinsic ͑ion-free͒ value of carrier mobility.
